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ARTUP THAWING OF LITHIUM COOLANT IN A NUCLEAR
REACTOR FOR A SPACE POWERPLANT
by Paul H. Lustig

Lewis Research Center

SUMMARY

The uranium-nitride-fueled fast reactor being studied at Lewis will probably require
that the lithium coolant be thawed prior to startup at some point during its operating
history. Temperature differences must be limited during melting so that the increased
volume of the melted lithium does not cause excessive stresses in the system. In this
study thawing was accomplished by punping heated argon through an annular space be-
tween the reactor primary loop and a surrounding jacket.

This investigation was conducted to determine pumping power and time to melt the
lithium as functions of radial and axial temperature differences in the lithium. Argon
flow annulus size, heating power, and energy requirements were also determined.

The calculations showed that thawing of the lithiumn can be performed using argon
gas. The lithium can be completely melted in the reactor within 24 hours without ex-
ceeding a radial temperature difference at melting of 25° R (13.9 K) or an axial differ-
ence of 30° R (16.6 K). And the maximum pumping power required to accomplish this
will not be greater than 1 kilowatt. This assumes a 1/4-inch (0. 635-cm) annulus and an
initial reactor temperature of 200° R (111 K).

Two heating modes were studied: constant heat flux and constant gas inlet tempera-
ture. The time to melt, and heating and pumping power requirements, depend on the
heating mode. The constant-inlet-temperature mode can reduce the time to melt by a
factor of 4 and the pumping energy by a factor of 2.5 below those for the constant-heat-
flux mode.

The heating power requirement can be much greater than the pumping power. For
example, in constant-inlet-temperature heating an initial heating power of 27. 5 kilowatts
was calculated compared to 2 maximum of 1 kilowatt of pumping power. For this reason
the mode of heating may be dictated by the availability of auxiliary power sources,




INTRODUCTION

A uranium-nifride-fueled, lithium-cooled fast reactor is being considered as 2 heat
source for electrical power systems o be used in space applications. At some point in
its operating history it can be expected that startup of the reactor will have fo be accom-
plished after the lithium coolant has solidified in the reactor and primary heat-transfer
loop. Control drums within the reactor pressure vessel are to be cooled by the main
lithium flow (fig. 1). This requires that the coolant be thawed before the drums can be
rotated. Once the drums are mobile, reactor power may be used to melt the remaining
coolant.

Temperature differences should be limited during heating and especially during
melting so that volume expansion upon melting does not cause excessive pressures and
stresses onthe pressure vesseland internal components. Itis not known atpresent what
this temperature difference limitation is, but it must be small enough that once melting
begins the remainder of the solid lithium will be sufficiently weak to be easily pushed into
the voids left on freezing. It would depend on the geometry and strength of the reactor
materials as well as on the strength of solid lithium at temperatures near its meliing
point. The change in volume on melting of lithium and its coefficient of thermal expan-
sion are also factors in determining the maximum acceptable temperature differences.

One of several possible methods of thawing the lithium is to use a heated fluid flow-
ing in the space between the primary loop and a close-coupled surrounding jacket. This
jacket could also serve other purposes. I it were leaktight to the lithium, it could be
used to prevent complete loss of coolant in the event of a serious leak in the primary
system. It could also serve as a barrier to heat losses from the surfaces of the primary
loop, or it could protect the refractory components in the primary loop from contamina-
tion by surrounding substances, like lunar soil in the case of a powerplant for a lunar
base.

This investigation was conducted to determine pumping power and time to melt the
lithium as functions of radial and axial temperature differences in the lithium and the
argon flow area. Heating power requirements, energy requirements, and pressure drops
were also calculated.

Only the heating of the reactor and the primary loop piping were studied in this re-
port. In addition, other components of the system will have to be thawed, such as the
primary heat exchanger and pump and any auxiliary components containing lithium cool-
ant. The design of these components is not complete. Neither time limitations or the
availability of auxiliary power to both heat and pump the preheating fluid can be specified
until a2 mission assignment is established. However, the range of conditions studied
covers those which may be practical. Thus radial and axial temperature differences of
as much as 80° R (44.4 K), pumping powers as high as b to 10 kilowatts, and times to




melt as long as 100 hours (3. 6><}L(}5 sec) were studied for thawing of the reactor, An-
nular spaces of 1/16, 1/8, and 1/4 inch (0. 159, 0.317, and 0.635 cm) were studied.

The heating fluid selected was argon, The use of gas has advantages over the use of
other types of fluids such as organic liguids or liguid metals. The possibility of freezing
in the lines makes liguid metals unattractive. Decomposition at the higher temperatures
makes the use of organic ligquids very unattractive. Argon gas is chosen because of its
compatibility with materials and, in particular, because of its consideration as the work-
ing fluid in a Brayton-cycle power conversion loop. Hence, it could be obtained from
there. Gas is more difficult to pumyp than other fluids, but the calculations show it would
not require excessive auxiliary power to obtain reasonable thawing times and tempera-
ture differences.

Two modes of heating were investigated. These were constant-heat-flux input {o the
reactor and piping and constant inlet temperature of the heating fluid. Graphs were
drawn for the constant-heat-flux mode of heating, allowing selection of operating ranges
based on limits placed on the aforementioned parameters. The constant-heating-fluid-
inlet-temperature mode of heating was studied as a means of improving the performance
of the thawing system and providing a more simply controlled alternative to the constant-
heat-flux mode.

This study can provide a means of evaluating an argon heating-fluid system once the
mission requirements are known. I such a system is used, the variety of heating tech-
niques discussed herein can be used to design the most efficient heating mode. This re-
port may also serve as a guide for analyzing other preheating and thawing systems.

SYSTEM DESCRIPTION

The reactor design is discussed in detail in reference 1. The lithium-cooled fast
reactor shown schematically in figure 1 has a six-pointed star-shaped array of fuel
elements surrounded by six rotating molybdenum control drums and molybdenum side
reflectors. Each drum contains a tantalum absorber piece and several fuel pins. The
whole is enclosed in a cylindrical pressure vessel capped by torispherical heads. The
control-drum drive nozzles contain the drive shafts, bearings, and penetration devices
and protrude from either end of the pressure vessel. There is a molybdenum reflector
at the inlet and outlet ends of the core.

Lithium is present throughout the whole assembly except in the fuel pins, Thus
lithium surrounds the control drums up to the penetration device, surrounds the molyb-
denum side reflectors, is inside the coclant annuli surrounding the fuel pins, and is in
the inlet (bottom) and outlet (fop) plenums between the reflectors and the pressure vessel.

To give an idea of dimensions: the outside diameter of the pressure vessel is
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22. 7 inches (57.7 cm), the fuel length is 14. 8 inches (37.6 c¢m), and the reflector thick-
ness at inlet and outlet is 2 inches (5.1 em). The primary piping has an inside diameter
of 3 inches (7.6 cm).

MODEL AND APPROACH

Mathematical Model

The calculations are based on a model of the reactor which is cylindrical and has an
outside diameter of 1. 90 feet (0. 579 m) and is 2 feet (0. 610 m) long, as shown in figure 2.
Values of the annular space between the reactor and jacket were chosen to be 1/16, 1/8,
and 1/4 inch (0. 159, 0.317, and 0.635 cm).

The piping was assumed to have a 3-inch (7. 6-cm) inside diameter and the length
chosen for the calculation was 100 feet (30.5 m). The length of pipe will depend on the
mission. The only annular gap size investigated around the piping was 1/4 inch
(0.635 cm).

The flow of gas is straight through the annular space. Heating of the reactor and
piping were analyzed separately.

Governing Equations

The equations used to describe the heating of a solid by a flowing fluid are

Vo C ST _ya (r -1 (1)
bbb ht''m ~ b
dT
m _ -
ViPeCy —= = WiC{T; - T) - UAp(Tp = Ty) (2)

where the subscript b refers to the solid (reactor or piping), the subscript f refers to
the heating fluid, and Tm is the mean temperature of the fluid. (All symbols are de-
fined in the appendix.)

In these equations the temperature of the reactor Tb is assumed to be independent
of position. These equations are used to study the time to melt the lithium tm as a
function of gas flow rate (or pumping power). Temperature differences within the reactor
axially and radially are not considered in these equations. The value of U (the overall
heat-transfer coefficient) was taken as the film coefficient for the flowing gas. There
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will actually be temperature differences between the reactor surface and the interior.
Hence, the true driving force for heat transfer into the reactor (e.g., the temperature
difference between the argon and the reactor surface) will be less than that which as-
sumes an averaged uniform temperature as in these calculations. This will lead to
slightly optimistic estimates of the time to melt. The smaller the radial temperature
difference, the closer these approximate equations approach actual heat-transfer condi-
tions. For the purpose of this preliminary study the results are adequate, particularly
in view of the fact that radial temperature differences are purposely kept small. Also
there is much conservatism built into the time-to-melt calculations since only the lithium
which surrounds the control drums must be melted by the preheating system. These cal-
culations assume that all the lithium is to be melted.

The initial temperature of the reactor Tb before the preheating operation begins or
at t= 0 will probably depend on the mission. It is not certain that the reactor will be
insulated from radiating to space nor how long after launch preheating will be started. A
conservative assumption was made which assigns an initial reactor temperature of 200° R
(111 K). This is approximately the temperatures recorded on the Surveyor solar panels
after the onset of lunar night.

Equations (1) and (2) were used in this analysis of the two modes of heating studied
in this report: the constant-heat-flux mode and the constant-inlet-temperature mode.

Constant-Heat-Flux Heating Mode

Heating and thawing of a solid cylinder does not lend itself easily to analysis, par-
ticularly when the heating fluid is a gas where the inlet- to outlet-temperature drop may
be significant. The constant-heat-flux mode of thawing was investigated first because it
gave a simple technique for establishing times for melting.

For this mode of heating the heating rate of the materials in the core is constant and
is equal to the term UAht(Tm - Tb) in equations (1) and (2). The left side of equation (1)
shows how the temperature of the reactor rises as a result of this constant heat rate into
it. Since the heating rate is constant and properties are assumed to be independent of
temperature, the rate of temperature rise of the reactor dTb/dt will be constant.

Again, T - T, must be constant, and that means dTm/dt in equation (2) must be equal
to dTb/dt, or the mean gas temperature must rise at the same rate as the reactor tem-
perature. A comparison of the value of VpC_ of solid and fluid showed that the value
for the fluid (gas) is negligible compared to that of the solid (reactor). Hence, the heat
represented by the left side of equation (2) is negligibly small compared to the left (or
right) side of equation (1). For this reason the left side of equation (2) could be neglected
and a balance established between the heat lost by the fluid [Wfo(Ti - T 0)] and the heat




gained by the reactor hAhi;(Tm - T). Thus

hAp Ty - Ty = WiCHT; - T) =a (3)

In these calculations the reacior temperature Tb was independent of axial position. A
logarithmic mean temperature was used for Tm“

A flow rate was established that balanced equation (3) for particular values of To’
T, and Tb,
stant for the remainder of the thawing process. That is how the constant-heat-flux mode

where h is a function of the flow rate. Then o was assumed {o be con-

of heating was used to analyze the melting times. The total heat required to melt the
lithium in the reactor (1. '78><105 Btu or 1. 8'7><108 J) or piping (1. 56><105 Btu or

1. 64><108 J) per 100 feet (30.5 m) was divided by the heating rate ¢ to obtain the time
to melt.

The radial temperature difference in the reactor may be calculated from the
constant-heat-flux input using the equations of Carslaw and Jaeger (ref. 2, p. 203). The
initial transient in the establishment of the radial temperature profile with constant heat
flux is virtually complete within minutes. Therefore, the infinite-time radial tempera-
ture profile was used throughout the calculations. Although the axial temperature distri-
bution in the reactor is not calculated (an average temperature in the axial direction is
used), the actual temperature difference in the axial direction would be less than that in
the heating fluid. Therefore, the axial temperature differences in the reactor can be
limited by limiting the inlet- to outlet-temperature difference in the heating fluid.

The following equations were used to calculate the heat-transfer coefficient h in
the heat balance equation and the friction factor f used in the calculation of pumping
power. They are from reference 3 (pp. 467 and 383, respectively).

0.8 0.8
16.6 C : . )
6.6 pG =0765CPG

h=
0.2 0.2
(D)) (Dy)
and
0.32
£ = 0.00140 + 0. 125 —*—
D.G
i
where

D; equivalent inside diameter, in.; cm

2

G mass velocity, lb/(sec)(ft”); kg/(gec}(mz)
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heat capacity of the gas, Btu/(1b) (°F); 3/(g)(K)
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Constant-Inlet-Temperature Heating Mode

The temperature differences occurring just before melting are of major concern.
Although the heat flux into the reactor was assumed to be constant during the entire heat-
ing process in the previous mode, the heat flux could initially be increased and later be
reduced as melting is approached. One method of accomplishing this is by maintaining a
constant inlet temperature in the heating fluid.

In order to analyze this mode, the time-dependent heat-transfer equations (egs. (1)
and (2)) were used to calculate the rise in temperature of the lithium in the reacior as a
function of time with the gas inlet temperature held constant.

In order to obtain solutions for these equations, the following assumptions were
made:

(1) The average or mean temperature of the gas Tm is the arithmetic average of
the inlet and outlet temperatures.

(2) The lithium or reactor temperature was independent of axial position.

(3) The density of the heating fluid was constant during the heating process.

The AIROS program (ref. 4) was used for these calculations since it will solve sets
of these types of equation, although it is specifically designed for solving reactor kinetics
problems.

Physical Properties Used for Calculations

The physical properties used for the calculations were obtained from several
sources. Table I shows the values used and the reierences from which they were ob-
tained.

In the pumping power calculations, viscosity and density at the average temperature
of the heating fluid were used. The other properties of the fluid were considered to be
constant.

Properties of the reactor, such as heat capacity and density, were averaged with
respect to the weights of the materials in the reactor. The thermal conductivity was
caleulated at the lithium melting point since the radial temperature difference at that
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temperature is of prime importance.

In order to calculate the average thermal conductivity of the reactor, it was first
divided into four conceniric regions or rings, The ouiside ring was the T-111 pressure
vessel, followed by a thin annulus of lithium as the second ring. The molybdenum re-
flector and control drums with the T-111 absorber made up the third ring, and the reac-
tor core the fourth., The thermal conductivity for each ring was calculated by averaging
with respect to material weight within the ring. It is the overall resistance to heat trans-
fer from the outside of the pressure vessel to the center of the core that establishes the
radial temperature difference. The resistance of each ring to heat transfer AX/I«:Aht
was then calculated. The sum of all the resistances is the overall resistance, and from
this the overall thermal conductivity was calculated. The equations for conduction
through slabs in reference 3 (p. 460) had to be converted to the cylindrical geometry of
the reactor,

The material weights in the reactor together with the averaged values of the proper-
ties for the reactor appear in table II,

The total amount of heat required for heating the reactor and melting the lithium was
calculated from the averaged specific heat of the reactor, the total weight of the reactor,
the weight of lithium, and its heat of fusion. The values presented earlier for the heat-
ing requirement were based on an initial temperature of 200° R (111 K). The averaged
heat capacity and thermal conductivity for the piping are also presented in table I, to-
gether with the weight per 100 feet (30. 5 m) of the materials composing it.

RESULTS AND DISCUSSION

Constant-Heat~Flux Heating Mode

The results for the constant-heat-flux heating and thawing of the reactor coolant are
presented in figures 3(a) to (¢), each representing a different annular gap around the re-
actor. Figure 4 is a similar graph for the primary piping with an annular gap of 1/4 inch
(0.635 cm). The curves show the interrelation between the radial temperature difference

ATr’ the inlet to outlet temperature drop in the gas AT _, and the pumping power re-

3
guirement Hmax' &
The power required to pump the fluid Hmax was calculated on the basis of the final
temperature of the fluid. This is the maximum power requirement for the gas because
the pumping power rises with the increasing temperature necessary to maintain the con-
stant heat flux. The rising temperature decreases the density of the gas and increases
its viscosity, both of which cause an increased pumping power requirement.

Once these parameters (ATr’ ATg, and Hmax) are selected, the abscissa shows the



initial outlet temperature of the heating fluid. The initial inlet temperature is obtained
by adding the gas temperature drop to the outlet temperature, These temperatures will
rise during the healing process, but the difference from inlet to outlet is constant be-
cause the {low rate and heating rate are constant.

The other parameter of interest, time fo melt %m is plotted
This is a function only of the radial temperature difference and the initial
ature,
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By establishing limits on the parameters, an area may be enclosed on the graph that
includes all acceptable operating points. As an example, consider figure 3(c), where the
annular gap is 1/4 inch (0. 635 cm) around the reactor. We can set an upper limit on the
radial temperature difference of 25° R (13.9 K), and on the axial temperature difference
(in these calculations the difference between inlet and outlet gas temperature) a limit of
30° R (16.6 K). The upper limit on pumping power was assumed to be 1 kilowatt for this
example. The fourth limit placed on the time to melt is 24 hours. To apply this limita-
tion, figure 5 is used. To keep the time to melt less than 24 hours, the radial tempera-
ture difference must be greater than 12° R (6. 7 K) (initial reactor temperature of 200° R
(111 K)). If these four boundaries are drawn on figure 3(c), they enclose the shaded area
ABCD. A possible operating point would be point E where AT = 23° R (12. 8 K),

AT, = 15° R (8.3K), H = 0.27kilowatt, t = 20 hours, T = 254° R (-206° F; 141K),
and T; = 277° R (-183° F; 154 K).

Other values of interest in the process are the fluid flow rate W and the fluid pres-
sure drop AP. In this case W = 3200 pounds per hour (0. 405 kg/sec) and AP = 0.1 psi
(4.8 N/m).

The shaded area is much smaller for the 1/8-inch (0. 317-cm) annulus under the
same operating limits (fig. 3(b)). No operating points could be found for the 1/16-inch
(0. 159-cm) annulus (fig. 3(a)).

A curve showing the variation in pumping power for the sample case just described
appears in figure 7. The initial pumping power requirement is about one-twentieth the
pumping power at the lithium melting point.

The initial solid lithium (or reactor) temperature in all cases was 200° R (111 K) and
the outlet gas pressure was 1 atmosphere. The initial gas inlet temperature is just a few
degrees above that in the constant-heat-flux case. This very low temperature estimate
is probably conservative, and any initial temperature above 200° R (111 K) will shorten
the melt time. For example, in the sample case if the initial temperature of the reactor
and the gas was earth ambient (about 70° F; 530° R or 295 K), the melt time would have
been reduced from 20 to 10. 3 hours.

Heating the lithium in the piping is considered separately from the reactor. The
limits used in the example for the reactor do not produce an operating area even for the
1/4-inch (0. 635-cm) annulus around the 100 feet (30.5 m) of piping. However, an oper-




ating area can be found if the limit of AT  is increased to about 100° B (other param-
eters remaining the same). While this limit may prove to be excessive for the reactor
with its complex and delicate interior, it may be adequate in the longer and simpler pip-
ing. The possibility of improving performance by other heating modes, larger annular

P nel an fapth  da dicrnaond latar
gaps, and 8o Lui"'&lu, I5 giscugsed 1awer (p. 14,

Constant-Inlet-Temperature Heating Mode

Resulis of the calculations showed that use of the constant-inlet-temperature heating
mode can greatly reduce the time to melt. This can be seen in table II, where the two
modes of heating are compared for a 1/8-inch (0. 317-cm) annular spacing and a maxi-
mum pumping power of 3.3 kilowatts. The left side of table II shows the time to melt in
the constant-heat-flux mode for the same AT, as that which occurs at melting in the
constant-inlet-temperature mode. Thus, for a constant inlet temperature of 860° R
(487 K), the AT at melting was 17. 3° R (9. 6 K) and the melt time was 4.0 hours.
When a ATr of 17.3° R (9.6 K) is maintained over the entire thawing process, the time
to melt is 16. 5 hours as shown on the left side of the table.

When only the constant-inlet-temperature mode was considered for different inlet
temperatures, it was found again as expected that the higher inlet temperatures reduced
the time to melt, at the expense of increased radial temperature difference. From the
right side of table II it is seen that in going from an inlet temperature of 825° to 860° R
(459 to 487 K) the time to melt is reduced by a factor of about 2%‘- (10.7 to 4.0 hr). But
the radial temperature difference rises by a factor of about 4 (4. 14° to 17.3° R).

Figure 8 shows the average reactor surface temperature as a function of time for
various inlet temperatures in the constant-inlet-temperature mode of heating. A large
fraction of the time to melt occurs with the lithium at the melting point. At the lowest
inlet temperature, 825° R (459 K), the reactor is at the lithium melting point during
70 percent of the heating process.

This indicates that it may be possible to decrease the time to melt very significantly
by increasing the heat flux once melting has occurred on the outside surface of the lith-
ium. Throughout this report the radial and axial temperature differences were con-
sidered to be limiting factors. However, what is primarily of concern is the difference
between the lithium melting point and the lowest temperature in the reactor (or piping) at
the time melting begins. If the temperature differences at that time are within the limit
imposed, all the lithium may be soft enough to extrude into the voids left on freezing
without causing excessive stresses. Once that point is reached it can be assumed that an
increased heat flux will not cause excessive stresses since any remaining solid will still
be able to extrude into the voids.
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Thus the constant-inlet-temperature mode can decrease the time until melting be-
ging. But a further reduction in time to melt can be obtained by raising the gas temper-
ature (and, hence, heat flux) after melting begins without increasing the temperature dif-
ference in the solid lithivm. Of course, the higher gas temperature will require a small
increase in pumping power,

To make a further comparison between the two modes of heating, calculations were
made for the case where the radial temperature difference at melting was the same for
various constant inlet temperatures., Since ATr was 10.2° R (5.67 K) for all inlet tem-
peratures, these cases all compare with a time to melt of 29 hours in the constant-heat-
flux mode.

Figure 9 shows the average reactor temperature as a function of time for various
inlet temperatures for the constant-inlet-temperature mode. In this case the higher inlet
temperatures do not reduce the time to melt but increase it. This is also shown in
table III, where the cases are compared in tabular form. As the inlet temperature is in-
creased, the axial temperature difference AT _ also increases along with the time to
melt. This occurs as a result of the reduced heat transfer (and, hence, flow rate) nec-
essary at the higher inlet temperatures to maintain the same radial temperature differ~
ences at melting. The maximum pumping power requirement Hmax would then be re-
duced at the higher inlet temperatures, as shown also in table III. The table thus shows
that, if it is desired to maintain a particular radial temperature difference at melting,
the time to melt and the axial temperature difference can be reduced only by lowering the
inlet temperature, but this is done at the expense of a higher pumping power.

One further calculation was made comparing the constant-heat-flux and constant-
inlet-temperature modes of heating. The energy requirement was calculated for the
pumping of the gas during equivalent reactor thawing operations. The energy require-
ment in the constant-inlet-temperature mode was less than one-half that of the constant-
heat-flux mode. The values of the parameters used in the calculation and the results are
presented in table 1V,

Figures 10 and 11 show the pumping power and energy requirements as a function of
time during the melting process. The power requirement in the constant-heat-flux mode
is initially lower than that of the constant-inlet-temperature case. However, because of
the much longer time required for melting in the constant-heat-flux case, more energy
is required to power the pump overall than in the constant-inlet-temperature mode of
heating.

The comparisons made in this section are between the constant-heat-flux and
constant-inlet-temperature modes of heating. The former was a conservative and math-
ematically expedient choice which may prove difficult to carry out in practice. This was
compared with the more simply controlled constant-inlet-temperature mode of heating,
Both techniques use constant gas flow rates, However, there may be other procedures
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of varying temperatures and flows which could result in more effective performance of
the preheating system,

Technigues for Improving System Performance

One of several techniques to improve the system performance would be to increase
the heat flux once melting begins. This would shorten the time to melt beyond that ob-
tained with the constant-inlet-temperature mode of heating. In addition, helium gas
might be substituted for argon. This would cut the pumping requirement by a factor of
about 10, Higher gas pressures than the 1 atmosphere used in these calculations can
also reduce the pumping power. A still larger annular space than 1/4 inch (0.635 cm)
might be used to meet tighter limits on temperature differences, pump power, or time,

In this study the gas was assumed to be pumped straight through the reactor annulus
or the piping annulus. This could be done in one of the three ways shown in figure 12,

However, if it is found necessary to reduce axial temperature differences, the reac-
tor or piping heating annulus could be further divided into parallel paths. This may be
desirable in the piping example previously discussed, where the other limits could only
be satisfied by allowing the axial temperature difference to approach 100° R (55 K).

Heating Power and Energy Requirements

Until now the only auxiliary power requirement studied has been that necessary to
pump the heating fluid. This would typically be an electric power source. However,
power will be required to heat the gas as it transfers its heat to the reactor or piping.
The amount of this power depends primarily on the heating rate in the reactor or piping.
There is also some power required to raise the gas temperature from its initial condition
to its final condition when all the lithium is melted. This requires very little energy
compared to the heat required in the melting and so was neglected.

The amount of energy required to heat the reactor and to melt the lithium
(1. 78x10° Btu; 52 kW-hr or 1. 8mx10® J) is about the same in the reactor and in the pip-
ing, so only the reactor will be discussed.

For the constant-heat-flux case the heating power requirement is simply 52/1:m kil-
owatts, where tm is the time to melt. It will be constant for the whole heating process.
For the operation proposed in taple IV with constant heat flux, the heating power would
be 52/28 or 1.8 kilowatts.

For the constant-inlet-temperature case the heating ratle is initially very high, and
for this same example is 27,5 kilowatts. This requirement drops off quickly fo the same
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1.8 kilowatts as in the constant-heat-flux case once melting begins.

The heating power requirement is much greater than the pumping power in both
modes of heating. If this heating power is too high for electrical supply, some other kind
of heat supply may be required to transfer heat to the gas quickly enough. The availabil-
ity of heat sources for the gas may be the controlling factor in determining the mode of

heating the lithium and in establishing the time to melt.

CONCLUSIONS

The calculations presented herein show that thawing of the lithium coolant can be
performed using heated argon gas. Results showed that a wide operating range was
available for melting the lithium in the reactor for a sample set of limits: annular gap,
1/4 inch (0. 635 cm); radial temperature difference, AT, <25°R (13.9 K); fluid temper—
ature drop, AT g < 30° R (16. 6 K); maximum power required to pump fluid, H max <10
kilowatt; time to melt, t < 24 hours. These limits are based on an initial lithium tem-
perature of 200° R (111 K). They apply for both the constant-heat-flux and constant-
inlet-temperature modes of heating.

The constant-inlet-temperature mode of heating can significantly reduce the time to
melt and the energy needed to pump the fluid while maintaining the same limits on radial
and axial temperature differences and on maximum pump power. For one set of limits,
it was found that the melt time could be reduced by a factor of 4 and the energy require-
ment by a factor of 2. 5 by going from constant-heat-flux heating mode to a constant-inlet-
temperature heating mode.

The time to melt will ultimately depend on the availability of power and energy sup-
plies and the limits that must be placed on radial and axial temperature differences.
However, any attempt to reduce the time to melt will increase the power requirement for
heating the argon. For instance, it was calculated that the initial heating power require-
ment for the constant-inlet-temperature case was 27,5 kilowatts compared to only
1. 8 kilowatts for the comparable constant-heat-flux case (i.e., same ATr and ATg at
melting). Of course, the heating power at melting is the same 1. 8 kilowatts for both
cases. H short times to melt are required, it may be necessary to supply some other
heat source besides electrical power to transfer heat to the gas quickly enough.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, September 30, 1970,
120-27.
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APPENDIX - SYMBOLS

area for heat transfer from fluid in annular space to reactor or piping
average heat capacity over reacior

heat capacity of fluid

equivalent internal diameter of annulus (in in. for calculation of h)
energy required to pump fluid

fanning friction factor

mass velocity of heating fluid (in 1b/ (sec)(ftz) for calculation of h)
power required to pump fluid

maximum power required to pump fluid during heating period

film heat-transfer coefficient

fluid pressure drop

heating rate

average temperature of reactor or piping - assumed uniform in each initially
and during heating and melting

fluid inlet temperature
average fluid temperature
fluid outlet temperature

fluid temperature drop from inlet to outlet, Ti - T o (also assumed as measure
or limit to the axial temperature difference in the lithium)

radial temperature difference in the lithium
heating time

time to achieve complete melting of the lithium
overall heat-transfer coefficient

volume

volume of reactor or solid component to be heated
volume of fluid in preheating system

flow rate of heating fluid

viscosity of heating fluid



P

o,

Ps

average density
average density of reactor or solid component to be heated

average density of fluid
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TABLE 1. - PHYSICAL PROPERTIES OF REACTOR AND PIPING MATERIALS AND HEATING FLUID, MATERIAL WEIGHTS AND

AVERAGED REACTOR AND PIPING PROPERTIES USED IN CALCULATIONS

Material Weight in Weight per Density Heat capacity Thermal Viscosity Heat of
reactor® 100 ft 3 3 conductivityb 9 fusion
1o/ft kg/m Btu J cP N-sec/m
(30.5 m) B = ‘
b kg of piping® () (CF) | (2)(K) Btu W Btu/lb | J/g
(hr) (t) O F) | (m) (K)
1b kg

Argon gas |--=-| --==== S — Co.11] 1.76 0.128 |0.537 R — €0.0195 | 1.95%107% | - om-- ——-

(ref. 3) (ref. 3) at 0° ¢

(ref. 3)

Lithium 65 29.5 141] 64.0 30 481.2 1.0 4,179 26 L I e d284 857

(ref. 3) (ref. 3) (ref. 5) (ref. 8)
Uranium 419] 190.2 | ccoc|-aeee 895 1.435x10%[0. 045 |o0. 189 9.4 16.3 [-mmmmom | cmcemoe | e
nitride (ref. 6) (ref. 8) (ref. 6)
Molybdenum | 2043 | 927.5 | ----| ==~== 624 1. OO><104 0.066 |0.277 80 139 |mmmemem | e e ——
(TZM) (ref. 7) (ref. ) (ref. 7)
T-111 1417 643.3 | 1664 1755.4 | 1040 1.6’7><104 0.034 0. 142 25 43.5 |remmmrm | mmmeme e | e —
(tantalum (ref. 7) (ref. 7) (ref. 7)
alloy)
Average for 13944 |1790.6 | ---- | ~=--- 543 8. 71><103 0.0677 | 0,283 24 41,5 |mmmmmre | e ] e -
reactor
Average for |----[-——--- 1805(819.4 | 286 4.58x10% [0.100 [0.455| 26 45 o | e
piping

2 Material weights were design values at time of report and were not published.

bAt lithium melting point.

“Varies with temperature in calculation.
Melting point of lithium was 354° F or 814° R (451. 7 X), ref. 8.

d




18

TABLE II. - COMPARISON OF HEATING MODES AT EQUIVALENT

MAXIMUM PUMPING POWER (3. 3 kW)

[Annular spacing, 1/8 in. (0.317 cm).]

Constant-heat-flux mode Constant-inlet-temperature mode
Radial temperature | Time to Inlet Radial temperature | Time to
difference AT, melt, |temperature, | difference AT at| melt,
throughout melting tm, Ti melting point tm,

hr hr
°rR K °R | K °r K
4,14 2.30 70 825 | 459 4,14 2.30 10.7
17.3 9.63 16.5 860 | 487 17.3 9.63 4.0
32.3 18.0 8.9 900 | 500 32.3 18.0 2.7

TABLE II. - COMPARISON OF HEATING MODES AT EQUAL RADIAL

TEMPERATURE DIFFERENCES

[Annular spacing, 1/8 in. (0.317 cm).]

Constant-heat-flux mode

Constant-inlet-temperature mode

Radial temperature [ Time to Inlet Radial temperature Fluid Power to | Time to
difference AT, melt, |temperature, | difference ATr at tempera- pump fluid | melt,
throughout melting tm’ T, melting point ture drop, |{maximum), 1:I -
Or K hr or K op K ATg Hmax’ hr
op K kW
10.2 5.67 29 825 | 459 10. 2 5.67 4.75] 2.64 58.9 4,35
835 | 465 10.1 ] 5.62 7.4 5.056
860 | 487 25.0 |13.9 .63 6.60
900 | 500 51.0 {28.4 .092 8. 40
1000 | 555 123.0 |68.5 . 009 11,1




TABLE IV. - VALUES OF PARAMETERS USED FOR ENERGY

REQUIREMENT COMPARISON OF HEATING MODES

(REACTOR ONLY)

Parameter Constant-heat- | Constant-inlet-
flux mode temperature
(8600 R) mode
Radial temperature difference, 10. 2 (5.87)
AT, OR (K)
Fluid temperature drop, 25 (13.9)
AT, °R (K)
Maximum power required to pump fluid, 0.62
Hoax KW

Flow rate of gas, W, lb/hr (kg/sec)

2037 (0. 256)

Annular gap, in. (cm) 1/8 (0. 317)
Results of calculations
Time to melt, tm’ hr 28.8 6.6
Energy required to pump fhid, 8.4 (3.02><107) 3.4 (1.22><107)
E, kW-hr (J)
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Figure 1, - Lithium-cooled fast reactor.



——1 2,01t (0, 610 m) t.—

Heating = Heating
fluid in fluid out
1,90 ft
Annular (0. 5]9 m)
space diam

7
Jacket —

Figure 2. - Mathematical model used in calculation of reactor heating,
A similar model was used for 100 feet (30,5 m) of 3-inch {7. 62-cm)

piping.
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Figure 3. - Variation of radial temperature difference with fluid outlet temperature, temperature drop, and pumping power for three annular spacings.
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Figure 4. - Variation of radial temperature difference with fluid outlet temperature, tempera-
ture drop, and pumping power for annular spacing of 1/4 inch (0. 635 cm) around piping.
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Time to melt, tm, hr
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Figure 5. - Time to melt as function of radial temperature difference in reactor. Initial
reactor temperature, 200° R {111 K},
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Average surface temperature of reactor, K
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Figure 8. - Temperature rise in reactor lithium as function of heating time for various con-
stant inlet temperatures of gas at equivalent pumping power of ~3.3 kilowatts,
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Figure 9. - Temperature rise in reactor lithium as function of heating time for various constant inlet temperatures of
gas. Radial temperature difference the same in all cases, 10.2° R (5.67 K) at melting point.
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Figure 10. - Variation of pumping power requirement with heating time
for two modes of heating (see table IV for conditions).
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Figure H'. - Energy required for pumping as function of heating time for two modes
of heating. (Integral of curves of fig. 9.)
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